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ARTICLE INFO ABSTRACT

Article history:

In this study the green, one-pot, solvent-free and selective synthesis of benzimidazole derivatives is
reported. The reactions were catalyzed by ZnO/MgO containing ZnO nanoparticles as a highly effective,
non-toxic and environmentally friendly catalyst. The structure of synthesized benzimidazoles was
characterized using spectroscopic technics (FT-IR, THNMR, >*CNMR). Synthesized compounds were
evaluated for their a-glucosidase inhibitory potential. Compounds 3c, 3e, 31 and 4n were potent in-
hibitors with ICsg values ranging from 60.7 to 168.4 uM. In silico studies were performed to explore the
binding modes and interactions between enzyme and synthesized benzimidazoles. Developed linear
QSAR model based on density and molecular weight could predict bioactivity of newly synthesized
compounds well. Molecular docking studies revealed the availability of some hydrophobic interactions.
In addition, the bioactivity of most potent compounds had good correlation with estimated free energy of
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1. Introduction

Benzimidazole and its derivatives are important N-Containing
heterocyclic compounds in organic chemistry. They exhibit phar-
maceutical and biological activities such as antiulcer [1], antihy-
pertensive [2], antifungal [3—5], anticancer [6], anthelmintic [7],
antibacterial [8], cytotoxic and antitumor [9], DNA binding [10],
enzyme inhibition [11,12] and HIV-1-induced cytopathic inhibitor
[13]. In addition, these compounds have been used as organic li-
gands [14,15], functional materials [16,17], dyes [16], chemosensing
[18], fluorescence reagents [19], and in corrosion science [10,20,21].
Therefore, the synthesis of these heterocycles has always been of
great interest to organic and medicinal chemists. Chemical struc-
tures of some important benzimidazoles with therapeutic appli-
cations are presented in Fig. 1.

* Corresponding author. Kilometer 35, Tabriz/Azarshahr Road, P.0.Box: 53714-
161, Tabriz, Iran.
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Different synthesis strategies have been reported for the syn-
thesis of benzimidazoles using ZrCls [22], CuCl [23], H,0,/HCI [24],
hypervalent iodine as oxidant [25], oxalic acid [26], p-toluenesul-
phonic acid [27], SOCl,/SiO; [ 28], L-Praline [29], Sulphamic acid [30],
and Zeolite [31]. However, many of these reported methods suffer
from some drawbacks such as drastic reaction conditions, long re-
action time, poor yield, formation of mixture of products, use of
toxic, homogeneous and expensive catalysts and hazardous organic
solvents. Recently, metal oxides have attracted considerable atten-
tion of synthetic chemists and have been used as heterogeneous
catalysts in different organic reactions [32,33]. These compounds
are non-toxic and stable in various reaction conditions [34,35].
Nanometal oxides have higher catalytic activity than their bulk
counterparts due to high surface area to volume ratio [36]. Metal
oxides surfaces show both Lewis acid/Lewis base properties and
they are very good absorbents of various organic compounds. ZnO/
MgO containing ZnO nanoparticles is non-toxic, environmentally
friendly, easily available and inexpensive solid catalysts which has
been widely used as an efficient heterogeneous catalyst in organic
reactions in ionic liquid [37,38]. It is generally not corrosive and do
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Fig. 1. Structures of some pharmacologically important benzimidazoles.

not produce problematic side products.

Ionic liquids are being classified as green solvents because of
their unique physicochemical properties [39]. We reported the
synthesis of 4H-pyrans and coumarins using ZnO/MgO containing
ZnO nanoparticles (nano-ZnO/MgO0) as an effective heterogeneous
base catalyst in [bmim|BF4 [40].

Diabetes Mellitus (DM), as a metabolic disease is a growing
health problem. Currently, 250 million people are living with dia-
betes in the world and this number is predict to be more than 366
million by 2030, based on the WHO reports [41]. As a result of
diabetes, high concentration of the glucose in the blood (hyper-
glycemia) damages many of the body’s organs, especially the
nerves and blood vessel [42]. a-Glucosidase hydrolyzes terminal
non-reducing 1—4 linked a-glucose residues to release a single a-
glucose molecule [43]. Acarbose is the first member of a-glucosi-
dase inhibitors which currently approved for the treatment of type
2 diabetes. The control of the glucose levels in the blood by inhi-
bition of carbohydrate-hydrolyzing enzymes, such as a-glucosidase
is one of the therapeutic approaches for the treatment of diabetic
patients [41,44,45]. In addition, a-glucosidase inhibitors are known
to have antiviral, anticancer, anti-HIV and antitumor activities
[46—48]. Therefore, design and the synthesis of organic compounds
with the a-glucosidase inhibitory activity is an important area of
medicinal chemistry.

Literature review showed that there are just three studies on o~
glucosidase inhibitory activity of benzimidazole derivatives. Very
recently, Asghari et al. reported the synthesis of new benzimidazole
and pyrimidine derivatives as a-glucosidase inhibitors [49].
Mentese et al. reported the synthesis of benzimidazole derivatives
containing triazole, thiadiazole, oxadiazole, and morpholine rings
which show the a-glucosidase inhibitory activity [50]. Also, Ashok
et al. reported the synthesis, a-glucosidase inhibitory activity and
cytotoxicity of benzimidazole derivatives [51].

In continuation of our interest in developing environmentally
friendly and green chemistry [52—54], herein we report selective,
one-pot and solvent-free synthesis of benzimidazole derivatives in
high to excellent yields (Scheme 1). Synthesized derivatives were
tested for in vitro a-glucosidase inhibitory activity. Afterward, in
silico molecular docking studies were performed to further investi-
gate the interactions and binding energies between the ligands and
macromolecule. QSAR models were developed to investigate the
relationship between the observed bioactivity and the structural
and physicochemical properties of synthesized benzimidazoles.

2. Results and discussion
2.1. Chemistry

As a model reaction, 4-nitrobenzaldehyde and o-phenyl-
enediamine were reacted in variety of reaction conditions
(Table 1). In a first attempt, 4-nitrobenzaldehyde (1 mmol) and o-
phenylenediamine (1 mmol) were added to [bmim]|Cl at 40 °C and
stirred for 120 min. Work-up of the reaction mixture afforded the
products 3a and 4a in 35 and 20% yields, respectively (Table 1,
entry 1). Study of the procedure at higher temperatures showed
that just the reaction times decrease under these conditions
(Table 1, entries 2, 3). The present condensation reaction needs a
catalyst with dual acid/base characteristics. The Lewis base for o-
phenylenediamine activation and the Lewis acid for benzaldehyde
activation. Accordingly, catalytic activity of nano-ZnO/MgO was
investigated in this reaction and it was found that the reaction was
complete in a shorter time, with significantly higher yields
(Table 1, entry 4). In addition, the ratio of 3a/4a was increased in
the presence of nano-ZnO/MgO and selectivity in the products of
the reaction was observed. Nano-ZnO/MgO was prepared ac-
cording to the literature [55]. The SEM image of nano-ZnO/MgO
was shown in Fig. 2. Selectivity in products was increased in
higher temperatures (Table 1, entry 5). Using of other ionic liquids
such as [bmim]Br, [bmim]BF4 and [bmim]PFg has no significant
effect in the yield of the products, but reaction time in [bmim]Cl
was shorter than other ionic liquids (Table 1, entries 8—10). Per-
forming of the reaction in the absence of any solvent or ionic liquid
and also in other conventional organic solvents such as toluene,
dichloromethane and acetonitrile did not give corresponding
products after long reaction time (Table 1, entries 11-14). As a
consequence, [bmim]Cl was found to be the best solvent. The
model reaction was optimized by using various combinations of
nano-ZnO/MgO, ionic liquid and the reactants at different tem-
peratures. It was found that the best yield of the product and good
selectivity were obtained using 1/1 molar ratios of 4-
nitrobenzaldehyde and o-phenylenediamine in the presence of
nano-ZnO/MgO (15 mol %) at 60 °C (Table 1, entry 7).

Under these optimized reaction conditions, the reaction of
several benzaldehyde derivatives with o-phenylenediamine de-
rivatives was also examined. The corresponding benzimidazoles
were obtained and isolated in good yields (Table 2). A slight in-
crease in yield can be seen in benzaldehyde derivatives with
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Scheme 1. Selective synthesis of benzimidazole derivatives in the presence of nano-ZnO/MgO in [bmim]Cl.
Table 1

Reaction of 4-nitrobenzaldehyde (1 mmol) with o-phenylenediamine (1 mmol) in the different reaction conditions.

Entry Solvent Temperature (°C) Catalyst (mol %) Time (min) Yield?® (%) 3a Yield® (%) 4a
1 [bmim]Cl 40 — 120 35 20
2 [bmim]Cl 50 - 100 40 25
3 [bmim]Cl 60 - 60 45 30
4 [bmim]Cl 50 Nano-ZnO/MgO (25) 30 80 5
5 [bmim]Cl 60 Nano-ZnO/MgO (25) 15 87 -
6 [bmim]Cl 70 Nano-ZnO/MgO (25) 15 87 -
7 [bmim]Cl 60 Nano-ZnO/MgO (15) 15 87 -
8 [bmim]BF,4 60 Nano-ZnO/MgO (15) 25 78 -
9 [bmim]PFg 60 Nano-ZnO/MgO (15) 25 70 5
10 [bmim]Br 60 Nano-ZnO/MgO (15) 25 75 5
11 Toluene 60 Nano-ZnO/MgO (15) 120 15 10
12 CH,Cl, 60 Nano-ZnO/MgO (15) 120 - -
13 CH;CN 60 Nano-ZnO/MgO (15) 120 20 15
14 - 60 Nano-ZnO/MgO (15) 120 - -

= S )
BEM MAG: 50.00 kx  Det: SE Detector
BEM HV: 15.00 kv WD: 6.0670 mm 500 nm
Date(midAy): 11/11/09 Vac: Hivac

j- 3
VEGAUTESCAN

[ /]
RAZI i

Fig. 2. The SEM image of nano-ZnO/MgO.

electron-withdrawing substituents such as nitro and chloro groups
and o-phenylenediamines containing electron donating groups
such as methyl (Table 2). The efficiency of catalyst in this conden-
sation reaction supported by dual Lewis acid and Lewis base

characteristics of ZnO/MgO containing ZnO nanoparticles. Nano-
Zn0/MgO has both Lewis base and Lewis acid moieties. The Lewis
base site of catalyst (0%>~/02") activates o-phenylenediamine and
the Lewis acid (Mg*?/Zn?*) site activates benzaldehyde.

To the best of our knowledge, this is the first report for the se-
lective synthesis of benzimidazole derivatives in the presence of
nano-ZnO/MgO. Moreover, based on the literature survey, molecu-
lar docking and QSAR studies of benzimidazole derivatives with the
a-glucosidase inhibitory activity are reported here for the first time.

A possible mechanism for the formation of product 3 in ionic
liquid in the presence of nano-ZnO/MgO catalyst is shown in
Scheme 2. The reaction proceeds via dual activation of substrates by
nanometal oxide catalyst. At first, benzaldehyde and o-phenyl-
enediamine are activated by nano-ZnO/MgO. Intermediate I is
resulted by nucleophilic attack of o-phenylenediamine 1 to benz-
aldehyde 2. Subsequently, coordination of nitrogen to nano-ZnO/
MgO facilitates intramolecular cyclization of intermediate I and
the formation of intermediate II. Deprotonation of intermediate II
results the product 3.

2.2. «-Glucosidase inhibitory activity

a-Glucosidase inhibitors are used for the treatment of metabolic
disorders like diabetes. Such compounds decrease the level of
glucose in the blood. In the present study, the synthesized benz-
imidazole derivatives were screened for their in vitro a-glucosidase
inhibitory potential (except 3j and 4j) as shown in Fig. 3. Com-
pounds with inhibition more than 50% at concentration of 50 ug/mL
were further evaluated for determining of their ICs9 values. Our
findings revealed that compounds 3c, 3e, 31 and 4n have moderate
to high a-glucosidase inhibitory activity with ICsg values ranged
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Table 2
The synthesized derivatives of benzimidazole in the presence of nano-ZnO/MgO as an efficient catalyst.
Entry R! R? Products Prod. no. Time (min) Yield® %
1 H 4-NO, H 3a 15 87
CLp- O
N
2 H 3-NO; H 3b 15 80
L,
N
NO,
3 H 4-OCH3 H 3c 20 79
CL—Cren
N
4 4-Me 4-NO, H 3d 15 90
Ty
HsC N
5 4-CHs 4-0CH3 N 3e 17 80
HsC N
6 4-CHs 4-Cl H 3f 15 83
-0
HsC N
7 4-Br 4-NO, H 3g 15 88
L0
Br N
8 4-Br 4-OCH3 H 3h 20 75
Lo
Br N
9 4-Br 4-Cl H 3i 17 78
O
Br N
10 4-Cl 4-NO, H 3j 15 88
N
L
cl N
11 4-Cl 3-NO, H 3k 15 78
N
O
cl N
NO,
12 4-Cl 4-0CH3 H 31 20 77
Lo
cl N
13 4-Cl 4-Cl H 3m 15 80
N
O
cl N
14 4-Cl 4-CN H 3n 15 88
Joss o
N

Cl

2 Isolated yields.

from 60.7 to 168.4 pM (Table 3). All of these potent compounds benzimidazole derivatives. Our findings confirmed the efficacy of
exhibited their activity in a concentration dependent manner this class of compounds for future drug discovery investigations.
(Fig. 4). Acarbose (IC5¢9 = 47.7 pM) was used as the standard drug. A

wide range of natural or synthetic compounds like flavonoids, 2.3. Molecular docking studies
carbohydrates, steroids, coumarins, etc., have demonstrated to be
a-glucosidase inhibitor. Literature review showed that there is very The results of molecular docking of benzimidazole derivatives

limited information on o-glucosidase inhibitory potential of  are gjven in Table 4. According to the experimental data, the most
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Fig. 3. a-Glucosidase inhibitory activity of synthesized compounds.

active derivative (4n) has similar inhibitory activity to the reference observations. The observed ICsy values of tested compounds
inhibitor (acarbose). The results of docking analysis showed that revealed that the order of bioactivity is 4n > 3e > 3¢ > 31. The same
binding affinity of acarbose (AGpinding = —8.5 kcal/mol and four trend was obtained from docking studies. Fig. 5 shows super-
hydrogen bonds with HIS1584, ASP1526 and ASP1157) is higher position of docked compounds (3¢, 3e, 31 and 4n) in the active site
than all tested compounds. This result is in agreement with in vitro of a-glucosidase. The important binding site amino acid residues
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Table 3
a-Glucosidase inhibitory activity of synthesized compounds.®
Compound 1Cs0 (png/mL) ICs0 (UM)
H 382 +21 165.9 + 13.1
N
©[ )—@»oom
N
3c
H 285+ 04 119.7 £ 1.6
N
O
HaC N
s 3e
H 435+ 09 168.4 + 3.6
Lo
N
Cl 3l
NC 224 + 0.6 60.7 + 1.7
N
cl N
4n
Acarbose ” 30.8 + 1.1 477 +1.7

¢ Values are mean + SEM of three independent experiments.
b Standard drug.

which are involved in H-bond interactions with the potent com-
pounds are ASP1526 and LYS1460. Top ranked conformation of 4n
created two hydrogen bond between nitrogen atom of compound
and carboxylic and amine groups of ASP1526. Furthermore, several
hydrophobic interactions were observed (Fig. 6) which stabilize the
binding of compound 4n. The estimated free energy of these in-
teractions is —7.35 kcal/mol. Docking analysis of compound 3e
showed that oxygen atom of methoxy group on the benzene ring
was involved in hydrogen bond with amine group of LYS1460. Also,
there is another hydrogen bond between the —NH fragment of
compound 3e and carboxylic group of LYS1460 (Fig. 6). The results
of in silico studies about 3¢ and 3l clarified that hydrogen bond was
formed between the —NH fragments of the compounds and

90 1

carboxylic group of ASP1526 (Fig. 6). In addition, in the case of 31
the benzene ring was involved in a m-cation interaction with
LYS1460. Comparing the estimated free energy of binding of
benzimidazole derivatives with acarbose showed that compounds
3c, 3e, 31 and 4n could be moderate to strong inhibitors.
Molecular weight, log P and molar refractivity were calculated
(supplementary material, Table S1). Log P, molecular weight, H-
donor and H-acceptor atoms of all compounds are within the Lip-
inski’s rule of five. Moreover, molar refractivity of these compounds
is in the standard range of the Lipinski’s rule of five. These prop-
erties along with docking studies results suggested the suitability of
potent derivatives (i.e. 3¢, 3e, 31 and 4n) as oral drug candidates.

2.4. QSAR results

The best developed MLR model (Eq. (1)) showed that a-gluco-
sidase inhibitory activity of synthesized benzimidazole compounds
is affected by two molecular descriptors; i.e. molecular weight and
density.

Inhibition% = 0.267Mw — 117.99 density + 128.1 (1)

(N =14, S. E. = 14.15, F = 0.83, P-value = 0.0075)

Inhibition percent of these compounds is positively correlated
with the molecular weight whereas negatively correlated with
density of the molecules. Based on the beta coefficients, density of
compounds is more important parameter than the molecular
weight. The parameters of developed QSAR model, experimental
and predicted inhibition presents of benzimidazoles are given in
Table 5. Fig. 7A shows the scatter plot of observed versus predicted
inhibition percent. Regression coefficient and Q? of leave one out
cross validation were 0.60 and 0.69, respectively which was
acceptable according to Roy and Roy [56] rules for QSAR model
validation in which they noted that the difference between R? and
Q? values should be less than 0.3.

The correlation between the observed and predicted activities
for potent compounds (inhibition % >45) shows that the developed
model could predict bioactivity of the potent compounds signifi-
cantly better than the weak compounds (Fig. 7B). Fig. 6C represents
the correlation between the predicted inhibition percent and the
experimental ICsy values. According to the resulted correlation
coefficient, the QSAR model could predict IC5q values well.

——3c
80 A —— 3¢
70 1 /. —&— 31
60 —&—4n
é 50 1 Acartbose
Z
£ 40 4
X
30 A
20 4
10 4
d
0 T T T T T ]
0 10 20 30 40 50 60

Concentration (pug/ml)

Fig. 4. o-Glucosidase activity of potent compounds (3c, 3e, 31 and 4n) and acarbose. Values are mean of triplicates.
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Table 4
The results of docking analysis.

Products Intermolecular Estimated E* Electrostatic Ligand Torsional Unbound Active site residues H-bonded
energy (kcal/  AGginging  (kcal/ energy (kcal/ efficiency energy energy residues and 7t-
mol) (kcal/mol) mol) mol) (kcal/mol) (kcal/mol) (kcal/mol) cation

interactions
3a —6.88 —6.28 —6.44 —043 -0.42 0.3 -0.25 TRP1355, MET1421, ARG1510, ASP1526, ASP1157, —
LYS1460
3b —6.34 —5.74 —6.01 —0.33 -0.43 0.3 -0.25 MET1421, ARG1510, PHE1427, ASP1157, LYS1460, ARG1157
PRO1159, ASP1526, PHE1559
3c -7.30 —6.70 —7.08 —0.22 —0.31 0.6 -0.29 TRP1418, TRP1523, ARG1510, TRP1355, MET1421, ASP1526
ASP1157, PHE1427, ASP1526
3d —6.83 —-6.23 —-6.45 —-0.37 -0.35 0.6 -0.32 PHE1559, ASP1526, TRP11418, ARG1510, MET1421, —
ASP1157, LYS1460
3e -7.34 —6.74 —7.06 —0.28 -0.32 0.6 —0.029 TRP1418, TRP1355, ARG1510, PHE1427, ASP1157, LYS1460
LYS1460, TRP1369, ASP1526
3f —7.26 —6.96 -7.14 —-0.13 —0.41 0.3 —0.25 HIS1584, PHE1559, ASP1526, ARG1510, TRP1355, ASP1526
PHE1427, TRP1369, ASP1157
3g -7.18 —6.59 —7.00 —-0.18 —0.38 0.6 —0.28 PHE1559, TRP1418, TRP1523, TRP1355, ARG1510, —
MET1421, ASP,1157, PHE1427, LYS1460, TRP1369
3h —7.45 —6.85 —7.28 —0.17 -0.35 0.6 —0.31 TRP1418, PHE1559, ASP1526, ARG110, TRP1355, ASP1126
MET1421, PRO1159, TRP1369, ASP1157, PHE1427, m-cation
LYS1450 interaction
(LYS1460)
3i -7.53 -7.23 -7.36 -0.17 -0.33 0.6 -0.31 HIS1584, PHE1559, ASP1526, ARG1510, TRP1355, ASP1526
ASP1157, PHE1427, LYS1460, TRP1369
3k —6.49 -5.89 —6.75 +0.26 -0.38 0.3 -0.25 PHE 1559, TRP1418, TRP1355, ARG1510, PHE1427, LYS1460
ASP1157, LYS1460, PRO1159, ASP1526
31 -7.33 -6.73 -7.14 -0.19 -0.37 0.6 —0.28 TRP1418, PHE1559, ASP1526, PRO1159, ARG1510, ASP1526
TRP1355, MET1421, ASP1157, PHE1427, LYS1460, m-cation
TRP1369 interaction
(LYS1460)
3m —7.44 -7.14 -7.24 -0.19 -0.39 0.6 -0.29 HIS1584, PHE1559, ASP1526, ARG1510, TRP1355, ASP1526
PHE1427, ASP1157, TRP1369
3n —6.98 -7.07 —6.77 —0.09 -0.37 0.6 —0.28 TRP1418, PHE1559, MET1421, TRP1355, PHE1427,
LYS1460, TRP1369, ASP1157, ARG1510
4n —-8.24 -7.35 —-8.24 —-0.01 -0.29 0.89 -1.32 TRP1418, ASP1420, TRP1355, MET1421, ASP1526
ARG1510,PHE1559, ASP1526, PHE1560, PRO1159,
ASP1157, TRP1369, LYS1460
Acarbose —15.06 -8.50 —-11.68 —3.38 -0.19 6.56 -0.9 HIS1584, ASP1279, ILE1280, PHE1559, ARG1510,  HIS1584,
TRP1355, MET1421, ASP1157, ASP1526, ARG1510, ASP1526,
LYS1460, PRO1159, TRP1369 ASP1157 (2)

2 E; = vdW + Hbond + desolv Energy.

Fig. 5. Superposition of docked compounds (3c, 3e, 31 and 4n) in the active site of a-glucosidase.

3. Experimental

3.1. General experimental procedures

Infrared spectra were recorded on a Perkin Elmer FT-IR spec-
trometer using KBr pellets. 'HNMR and >CNMR spectra were
recorded on a Bruker Avance AC- 300 MHz Spectrometer. All

melting points were measured in open glass capillaries using a
Stuart melting point apparatus. All reagents for synthesis were
purchased from Merck and used without further purification.
CDCl; and MeOD-d4 were used as the deuterated solvents and TMS
as an internal standard. a-Glucosidase type I from Baker Yeast (EC
3.2.1.20) and 4-nitrophenyl-a-p-glucopyranoside (pNPG) were
obtained from Sigma—Aldrich. Scanning electron microscopy
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Table 5

L. Dinparast et al. / Journal of Molecular Structure 1114 (2016) 84—94

The parameters of developed QSAR model and the experimental and predicted bioactivity of the synthesized benzimidazoles according to Eq. (1).

Compound Exp. Inhibition % Pred. Inhibition % Molecular weight Density (gcm—3)
3m 11.37 30.06 263.12 1.427
3i 13.63 17.88 307.57 1.631
3k 14.70 26.04 273.67 1.485
3a 17.77 28.16 239.23 1.389
3b 18.13 28.16 239.23 1.389
3f 23.27 41.24 242.7 1.286
3g 27.17 13.97 318.13 1.688
3d 35.57 37.34 253.26 1.343
3h 42.63 30.85 303.15 1.511
3n 47.07 2837 253.69 1.42
31 51.10 41.86 258.7 1.317
3c 59.50 44.57 224.26 1.216
3e 64.83 52.09 238.28 1.184
4n 71.90 78.03 368.82 1.26

(SEM) (VEGA/TESCAN) was used for morphology study of ZnO/
MgO nanoparticles. Mass spectra, using electron ionization (EI)-
mass spectrometry (MS), were recorded on a Shimadzu GCMS-QP-
2000A mass spectrometer. Elemental analyses were conducted
using the Perkin—Elmer 240C elemental analyzer, their results
were found to be in good agreement with the calculated values.
The ultraviolet visible spectra of synthesized benzimidazoles were
recorded in acetonitrile as the solvent using Shimadzu 2550 UV/
Vis spectrophotometer in the range of 200—700 nm at room
temperature in quarts cell 1 cm.

3.2. Methods

3.2.1. General procedure for selective synthesis of benzimidazole
derivatives

(1 mmol), [bmim]Cl (2 g) and ZnO/MgO nanoparticles were mixed
thoroughly. The reaction mixture was stirred at 70 °C for the time as
shown in Table 2. The progress of the reaction was monitored by TLC
(using ethyl acetate: n-hexane 1:3 as eluent). After the completion of
the reaction, the mixture was extracted with ethyl acetate. Evapo-
ration of the solvent using a rotary evaporator at 45 °C provided the
crude product, which was further purified by column chromatog-
raphy (ethyl acetate: n-hexane 1:3) to afford the final pure product.

3.3. a-Glucosidase inhibitory activity

a-Glucosidase inhibitory activity of the synthesized compounds
was measured according to the previously published procedure
[57] with some modifications. Briefly, 20 pL of 0.5 unit/mL a-
glucosidase enzyme solution was mixed with 120 uL of 100 mM

Benzaldehyde derivatives (1 mmol), o-phenylenediamine potassium phosphate buffer (pH = 6.9) and 10 pL of the compound
.90 - 90 -
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Fig. 7. . A) The experimental inhibition percent versus predicted data according to Eq. (1). B) The correlation graph between the experimental inhibition percent of potent
compounds (>45%) (at 50 pg/mL) and predicted data. C) The correlation graph between the predicted inhibition percent and ICso values.
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sample for final concentration of 50 pg/mL in the reaction mixture.
Acarbose was used as standard positive control. The mixture was
incubated at 37 °C for 15 min and then enzymatic reaction was
initiated by adding 20 pL of 5 mM 4-nitrophenyl-a-p-glucopyr-
anoside (pNPG) in buffer. The plates were incubated at 37 °C for
another 15 min and the reaction was stopped by addition of 80 pL
sodium carbonate solution (0.2 M). Finally, the absorbance of 4-
nitrophenol released from pNPG was measured at 405 nm. The
system without a-glucosidase was used as blank for correcting the
background absorbance. The increasing of absorbance was
compared with the control (buffer instead of sample solution) to
calculate the inhibitory activity. The enzyme inhibition rate of the
samples was calculated using the following formula:

% Inhibition =[(Absorbance control — Absorbance sample)/
Absorbance control] x 100

Afterward, derivatives with inhibition percent more than 50 in
above concentration were tested in lower concentrations (5, 10, 25
and 50 pg/mL) for calculation of ICsg values. All of the experiments
were carried out in triplicates. IC5g values were calculated and
expressed as mean + SEM (Table 3).

3.4. Computational methods

3.4.1. Software

The molecular geometry optimization of 3D structures of com-
pounds was carried out at the Hartree—Fock (HF) level with 3-21G
basis set using Gaussian 03 program package [58]. The molecular
docking of synthesized benzimidazoles was performed using
AutoDock 4.2 software [59]. MLR model was developed using the
SPSS software. The dipole moment and stability energy of opti-
mized molecules was calculated by Gaussian 03 program. Physi-
cochemical properties i.e. log P, log D, molar refractivity, surface
tension, density and polarizability were calculated by ACD/Labs
program while the surface area was calculated using Hyper Chem 7
software.

3.4.2. Molecular docking

The crystal structures of C-terminal domain of human intestinal
a-glucosidase (PDB code:3TOP, complex with acarbose) was
downloaded from Brookhaven protein database. Water molecules
were removed from enzyme structure whereas, the polar hydrogen
atoms, Kollman and Gasteiger charges were added to amino acid
residues of protein structure using Autodock Tools (ADT, version
1.5.6) [60]. The required pdbqt format of receptor and ligands were
obtained using the same software. Optimized structures of ligands
with the minimized energy were subjected for molecular docking
studies using Lamarckian genetic algorithm method (LGA) with 200
run for each docking. The population size and maximum number of
evaluation (medium) were set at 150 and 2500000, respectively.
The maximum number of generation was 27000. The grid box for
the C-terminal a-glucosidase was place at the center of acarbose
with x, y, and z coordinates of —28.191, 32.654 and 24.654 A [61].
The number of points in X, y and z dimensions was 32 x 32 x 32 in
C-terminal domain. The grid spacing was set in 0.375 A.

3.4.3. Quantitative structure activity relationship (QSAR)

3.4.3.1. Data preparation. Synthesized bezimidazole compounds
(14 data point) with experimental enzyme inhibition percent was
used as a data set in the present QSAR study. The observed bioac-
tivity along with the calculated descriptors is given in the supple-
mentary material, Table S1.

3.4.3.2. Model development. Best descriptors were selected using

stepwise regression method and the selected descriptors were used
to develop a linear model using multiple linear regression analysis
[62—64]. Regression coefficient, standard error of estimate and F
value along with the Leave one out cross-validation (LOOCV)
method was used to check the prediction capability of the devel-
oped model.

4. Conclusions

A series of benzimidazole derivatives were synthesized selec-
tively using ZnO/MgO containing ZnO nanoparticles. The use of
non-toxic, recyclable and cheap catalyst and ionic liquid makes this
synthesis method green and economical. Other advantages of this
method were one-pot, solvent-free and mild reaction conditions
and high yields of products. The structure of the synthesized
compounds was investigated using spectroscopic data. Synthe-
sized benzimidazoles were evaluated for their a-glucosidase
inhibitory potential. Compounds 3c, 3e, 31 and 4n showed mod-
erate to high activity. In silico studies were also performed to
recognize the binding modes and molecular interactions of these
compounds. Good accordance was found between the experi-
mental data and docking results. A QSAR model was established to
find the correlation between observed bioactivity and structural
properties of synthesized derivatives. This model showed linear
relationship between the experimental inhibition percent of
compounds with molecular weight and density of the molecules.
Our findings indicated that this class of compounds could be
considered as potent a-glucosidase inhibitors. So, further studies
on more derivatives and pharmacological evaluations are
warranted.
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